The optical properties of lunar softs are different than those of rocks from which they are derived. As a consequence of lunar space weathering, soils are darker and exhibit a distinctive red-sloped continuum and weaker mineral absorption bands. The accumulation of dark glass-welded aggregates (agglutinates) has been thought to account for these optical effects of space weathering on lunar soils. Spectroscopic analyses of agglutinate separates and size fractions for a suite of lunar softs presented here indicate that the agglutinate paradigm is insufficient to fully account for lunar optical alteration. It is the finest fraction of lunar soils (<25 gm which constitute -25 wt %) that dominates the optical properties of the bulk soil. Unlike size fractions of most silicates for which the finest fraction is the brightest, the lunar soil size fractions all have comparable albedos in the short-wavelength visible. In the near infrared, however, it is the finest fraction that exhibits the steep red continuum and weak absorption bands. The properties of the finest fraction cannot be duplicated by preparing a fine fraction by grinding larger agglutinate-rich soil particles. These results suggest space weathering on airless bodies is dominated by surface correlated processes (perhaps associated with the development of fine-grained Fe ø on or near the surface of grains), and the accumulation of the larger agglutinates is not necessarily required to account for lunar optical alteration.
INTRODUCTION
To the human eye the surface of the Moon appears without color, an apparently gray landscape evolved from aeons of exposure to the space environment. When observed with detectors sensitive to radiation from the visible through the near-infrared, however, the Moon is seen to be notably colored. Measured optical properties are distinctively red (increasing reflectance with longer wavelengths) with weak, but highly diagnostic mineral absorptions superimposed on the red continuum McCord et al., 1981; Pieters, 1986] .
With the return of lunar samples it became clear that this unusual red lunar continuum was associated specifically with lunar soils McCord, 1970, 1971a] . Lunar soils were also found to exhibit a lower albedo and weaker mineral absorption bands than particulate samples of rocks from the same site McCord, 1971b, 1973] . Lunar rocks exhibit the diagnostic spectral properties of their constituent minerals (principally pyroxene, olivine, and plagioclase). Most of the lunar surface is covered with fine-grained soil. From data collected on the surface during the Apollo missions, together with images of the surface obtained from orbit, the thickness of this fine-grained particulate layer (regolith) was found to be 6-12 m [see Heiken et al., 1991, chapter 4] . Lunar soils represent the cumulative product of space weathering and are perhaps unique because of their environment. With no atmosphere or magnetic field to speak of, cosmic rays and energetic particles of the solar wind constantly wash the surface. Space debris of all sizes bombard the surface at high velocity. Impacts by asteroids >1 km in diameter have created a highly cratered surface. In the current environment, the most frequent interaction of the lunar surface with solid bodies is with the smallest micrometeorite particles. An apparently continuous flux of these particles comminute, melt, vaporize, and chum grains and fragments of the uppermost surface. Multiple cycles of mechanical and irradiation processes alter the physical and compositional properties of local material thus producing the characteristic lunar soil [see Heiken et al., 1991, chapter 7] . The lunar soil is derived principally'from local lithologies, but is also a distinct product produced by space weathering processes. This discrepancy could be due several possible causes including the aforementioned difficulty in preparing a meteorite sample to be physically comparable to an asteroid soil, rapid alteration of the meteorite in the terrestrial environment, space weathering on the asteroid surface, or any combination of these. The case for weathering on asteroids remains unresolved, but will be returned to in a later section. Mare materials, on the other hand, are rich in mafic silicates and ilmenite. Returned soils are always darker than rock powders of comparable particle size. As can be seen in the continuum-removed spectra on the right, the absorption bands of the soils, although weaker, nevertheless have characteristics similar to those of local rocks, indicating that the distinct mineralogy of remnant lithologic fragments remains unchanged during the weathering process. This is important for remote compositional analyses because it allows a quantitative assessment of soil mineralogy once the optical effects of space weathering are sufficiently well modeled. Nevertheless, the dark "glass" content of lunar soils became the catch-all for lunar optical alteration. Without being explicit, the concept came to include melt glass, devitrified material, amorphous rinds, and any dark (translucent or opaque) amorphous material identified by petrologists in soils. In short, it described the properties of agglutinates.
Although the optical properties of the complex agglutinates themselves had not been analyzed directly, the evidence available seemed to suggest that these unusual soil particles were the principal carriers of optical alteration during soil formation.
The advantage of this paradigm was that agglutinates can, and probably do, accumulate the products of all the lunar weathering processes proposed, and it appeared not necessary to determine which of the processes dominates. If space weathering produces agglutinates, and if agglutinates produce optical alteration effects, then there were notable implications for other airless bodies. Since a moderately strong gravity field was thought to be required for cyclical soil gardening and the accumulation of agglutinates, this paradigm allowed the optical effects of space weathering to occur on Mercury, but not on asteroids.
In the discussion below, it will be shown that the agglutinate paradigm for lunar alteration cannot be the full story. Formation of the complex glass-welded aggregates alone is shown to be insufficient to account for the optical alteration of lunar soils.
The Agglutinates were hand picked from a 250-500 gm and a 500-1000 gm size fraction of mature Apollo 11 soil 10084. Agglutinate abundance is high: 52% based on measurements for the 90-1000 gm size fraction [Papike et al., 1982] . Spectra of the agglutinate separates (Agg) and the low-agglutinate remnant size fraction from which the agglutinates were picked (R) are shown in Figure 3 along with the spectrum of a split of bulk soil (<250 gm). (These and all subsequent spectra were measured with the RELAB bidirectional spectrometer at 30 ø incidence angle and 0 ø (normal) emergence angle.) The largest size fraction (500 -1000 gm) exhibits very low spectral contrast because very little of the incident light is able to be transmitted through the particles and be scattered back to the detector. The agglutinates are notably darker than the bulk soil, and they also exhibit a weaker absorption band near 1 gm than the low agglutinate residual of the same size. These agglutinates do not, however, exhibit a sufficiently red sloped continuum to account for that observed in the bulk soil.
To test whether these observations are due to the separate particle sizes analyzed, the bulk 10084 soil was wet sieved with ethanol to several particle size separates, each of which is agglutinate-rich. The weight percent of principal size fractions for this sample is as follows: <25 gm, 26%; 25-90 gm, 25%; 90-250 gm, 49%. Spectra for five particle size separates are shown in Figure 4a along with the spectrum of the bulk soil. In bulk soil. From these observations it is apparent that the fine particles dominate the optical properties of the bulk soil, even though they constitute a minor mass fraction. In addition, spectra of all size separates and the bulk soil appear to converge to the same albedo in the short wavelength visible (0.4-0.5 [xm). As will be shown in a later section, this similarity in albedo is atypical behavior for size separates of geologic materials prepared in the laboratory.
LUNA SOIL SIZE SEPARATES
The composition and optical properties of three Luna soils were analyzed. New compositional analyses are presented in Table 1 for the specific Luna soils included in this study. 2. The finest fraction of natural soils (with disproportionately large surface areas that have been exposed to the space environment) is the soil component principally responsible for the optical effects of space weathering of lunar soils.
3. The development of fine-grained (< 300/!,) metal with exposure of surface materials to the space environment is currently the strongest candidate for causing the observed optical alteration effects.
There are several very important research directions, some of which are currently being initiated, that would maximize the scientific gain from this information.
The physical characteristics of the fine-grained metal need to be quantified, and space weathering processes and the conditions necessary to produce fine-grained metal need refinement. Understanding both the resultant characteristics and the processes are required to be able to predict the effects of space weathering in different environments. From the perspective of remote compositional analyses, such information is essential to develop models that distinguish the optical effects of space weathering from those due to composition.
